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Quantum analysis is made on the dynamical system consisting of the cosmic axions,
photons and Rydberg atoms which are interacting in the resonant cavity. The
atomic motion in a continuous incident beam is taken into account properly in
order to make a precise estimate of the efficiency of the Rydberg atom cavity
detector for dark matter axion search.
1 Rydberg atom cavity detector of axions
The “invisible” axions 1,2,3 in the mass range ma = 10
−6eV − 10−3eV is one
of the most promising candidates of non-baryonic dark matter. 4,5,6. The ba-
sic idea for the dark matter axion search is to convert axions into microwave
photons in a resonant cavity under a strong magnetic field via Primakoff pro-
cess, as originally proposed by Sikivie 7,8. After the pioneering searches with
amplification-heterodyne-method 9,10,11, an advanced experiment by the US
group is currently continued, and some results have been reported recently,
where the KSVZ axion of mass 2.9× 10−6 to 3.3× 10−6eV is excluded at the
90% confidence level as the dark matter in the halo of our galaxy 12.
We here describe a quite efficient scheme for the axion search, where Ry-
dberg atoms are utilized to detect the axion-converted photons 13,14. The
scheme of the detection of axions with Rydberg atoms via Primakoff process
is as follows:
[ axion ]
B0
⇐⇒ [ photon ]
−− n′
m
−− n
[ atom ] . (1)
The axions are first converted into photons under a strong magnetic field B0 in
the resonant cavity. Then, by aborbing these axion-converted photons Rydberg
atoms are excited from the lower state |n〉 to the upper state |n′〉, where the
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atomic transition frequency ωb is tuned approximately to the cavity resonant
frequency ωc. The excited atoms are finally detected quite efficiently with the
selective field ionization method 15. By cooling the resonant cavity down to
about 10 mK, the number of excited atoms due to the thermal photons can
be reduced sufficiently to obtain a significant signal-to-noise ratio. Hence the
Rydberg atom cavity detector is expected to be quite efficient for the dark
matter axion search.
We here present a quantum analysis on the dynamical system consisting of
the axions, photons and Rydberg atoms which are interacting in the resonant
cavity. The motion and uniform distribution of the Rydberg atoms in the
incident beam is especially taken into account. This analysis provides a precise
estimate of the efficiency of the present detection scheme of the dark matter
axions. Detailed descriptions will be presented elsewhere.
2 The axion-photon-atom system and interactions in the cavity
The quantum system in the cavity consists of the resonant photons, the co-
herent cosmic axions and the Rydberg atoms, which is described in terms of
interacting oscillators with dissipation. The thermal photon number n¯c is de-
termined by the cavity temperature Tc. Its damping rate γc = ωc/Q is given
by the quality factor Q. The coherent axions are normalized in a box of the de
Broglie wave length λa = 2πh¯/(βama) ∼ 100m forma ∼ 10−5eV and the mean
velocity βa ∼ 10−3 of the galactic axions. The axion number is then given by
n¯a ≃ (ρa/ma)λ3a with the enegy density ρa of the axions. The dissipation of
the coherent axions is characterized by their energy spread as γa ∼ β2ama. All
the atoms are prepared at the lower state with n¯b = 0. Their dissipation may
be neglected, γb ≈ 0, since the transitions to the off-resonant states are highly
suppressed in the resonant cavity.
The effective axion-photon coupling in the resonant cavity with ωc ≃ ma
is calculated from the original lagrangian 14 as
κ = 4× 10−26eV (gaγγ/1.4× 10−15GeV−1
)
(GB0/4T)
× (βama/10−3 × 10−5eV
)3/2 (
V1/5000cm
3
)1/2
, (2)
where V1 and G are the volume and form factor of the conversion cavity,
respectively. This coupling is estimated for the DFSZ axion. The collective
atom-photon coupling 16 is gvien by
ΩN = 1× 10−10eV
(
Ω/5× 103s−1) (N/103)1/2 , (3)
where N is the number of atoms, and the single atom-photon coupling Ω =
(d/h¯)(h¯ωc/2ǫ0V2)
1/2α2 is calculated with the electric dipole matrix element d
2
for the atomic transition and the electric field normalization factor α2 (< 1)
in the detection cavity with volume V2. This collective atom-photon coupling
is comparable to the photon damping rate
γ ≡ γc = 5× 10−10eV
(
ωc/10
−5eV
) (
2× 104/Q) . (4)
3 Quantum evolution of the system
The quatum evolution of the axion-photon-atom system is governed by the
Liouville equation with the total Hamiltonian
H =
∑
i
h¯ωiq
†
i qi + h¯κ(a
†c+ ac†) + h¯ΩN (b
†c+ bc†) (5)
for qi = b(atom), c(photon) and a(axion). Then, the master equation for the
second order moments Nij = Tr[q†i qjρ] is derived by the usual procedure 17:
dN
dt
= −iNHT + iH∗N +D , (6)
where
H =


Ωb ΩN 0
ΩN Ωc κ
0 κ Ωa

 , D =


γbn¯b 0 0
0 γcn¯c 0
0 0 γan¯a

 (7)
with Ωi ≡ ωi − i(γi/2).
The master equation is readily solved with a initial condition Nij(0) =
δij n¯i. (The atoms are prepared in the lower state with n¯b = 0.) In particular,
the number of excited atoms is given by
nb(t) = Nbb(t) = rbc(t)n¯c + rba(t)n¯a , (8)
which is expressed as the sum of the contributions of the thermal backgroud
photons and the axion-converted photons. The axion-converted photon signal
appears with the tiny factor rba ∝ (κ/γ)2, which however can be compensated
by the huge galactic axion number n¯a.
4 Estimate of detection efficiency
We make the quantum analysis in the following way by taking into account (i)
the atomic motion and (ii) the almost uniform distribution of the atoms in the
incident beam: The electric field felt by the atoms varies with time through the
atomic motion of velocity v. Accordingly, the atom-photon coupling becomes
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time-dependent. In order to treat the atomic distribution, we divide the atoms
in the cavity into K bunches for the fixed beam intensity IRyd = N/ttr, where
N is the total number of Rydberg atoms in the cavity, and ttr is the atomic
transit time through the cavity. Then, the coutinuous beam is realized forK ≫
1. The collective atomic mode of each bunch is denoted by bi (i = 1, 2, . . . ,K).
Then, the effective Hamiltonian H becomes a (K + 2)× (K + 2) matirix.
Suppose that the i-th atomic bunch locates around xi = (i − 1)∆x for a
time interval t0 ≤ t < t0+ ttr/K. Here, ∆x = L/K is the space interval of the
atomic bunches for the detection cavity length L, and the atomic transit time
is given by ttr = L/v, which is typically ∼ 100γ−1. Since the atomic number
in each bunch is N/K, the collective atom-photon coupling is replaced as
ΩN → Ωi(t) = (ΩN/
√
K)f(xi + v(t− t0)) , (9)
where f(x) is the electric field profile of the detection cavity.
After each time interval of ttr/K, the K-th atomic bunch leaves the cavity,
and a new one enters. Hence, the master equation of N should be solved with
a suitable matching condition at t0 =M(ttr/K) (M = 1, 2, . . .) by substituting
the collective modes as bi → bi+1. Then, by solving the master equation for
many time intervals (M ≫ 1) the steady solution nbi(t) is realized, which is
the sum of the contributions of the axions and thermal photons:
nbi(t) = n
a
bi(t) + n
c
bi(t) . (10)
The counting rates of the excited atoms due to the axion-converted photons
and thermal photons are calculated, respectively, as
Rs = n
a
bK (ttr/K)/(ttr/K) , Rn = n
c
bK (ttr/K)/(ttr/K) . (11)
Numerical calculations have been performed to estimate the detection
efficiency for some practical values of the parameters such as L = 0.2m,
Q = 2 × 104, Tc ∼ 10mK, Ω = 5 × 103s−1, v = 350m/s − 10000m/s,
IRyd = 10
3s−1 − 107s−1 and ρa = ρhalo = 0.3GeV/cm3 giving n¯a = 6 × 1025
for ma = 10
−5eV and βa = 10
−3. The signal and noise rates are shown in
Fig. 1. The signal form factor depending on the detuning of the axions
∆ωa ≡ ωa − ωc has a narrow width ∼ 0.05γ for v = 350m/s. The noise rate,
which is proportional to n¯c(Tc), is estimated for various cavity temperatures
as a function of IRyd = N/ttr. It is found that Rn is almost proportional to
Ω2N = Ω
2N ∝ IRyd for weak beam intensities. On the other hand, for strong
beam intensities the number of excited atoms is saturated to certain values,
where the atoms interact collectively with the photons.
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Figure 1: The signal and noise rates.
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Figure 2: The total scanning time depending on the atomic velocity v in the left and the
axion mass ma (v = 350m/s) in the right.
The measurement time required to search for the signal at the confidence
level of 3σ is calculated by
∆t = 32(1 +Rn/Rs)/Rs . (12)
The resonant condition for the absorption of the axion-converted photons, as
seen in Fig. 1, indicates that the frequency step of ωc (ωb = ωc) to be changed
in the axion search with unknown mass may be taken as ∆ωc = 0.05γ. Then,
the total scanning time over a 10% frequency range is given by
ttot = (0.1ωc/∆ωc)∆t . (13)
The estimate of ttot is shown in Fig. 2. We clearly find from this result that
the DFSZ axion limit can be reached for a reasonable scanning time with the
Rydberg atom cavity detector.
5
5 Summary
We have developed quantum theoretical calculations on the axion-photon-
Rydberg system in the resonant cavity. The analysis is made in the actual
experimental situation especially by taking into account the motion and uni-
form distribution of Rydberg atoms in the incident beam. By using these
calculations the detection efficiency is estimated, which shows that the Ryd-
berg atom cavity detector is quite efficient for the dark matter axion search.
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